Abstract -We present novel insight on like-spin domains (LSD) in cooperative spin transition solids by following the photo-transformation and the subsequent relaxation of a [Fe(ptz)6](BF4)2 single crystal in the vicinity of the light-induced instability. Self-organization under light is observed, accompanied by Barkhausen-like noise and jumps which reveal the presence of elastic interactions between LSDs. The light-induced phase separation process is discussed in terms of a dynamic potential providing spinodal instability in the corresponding temperature range. This useful concept is applicable to all types of switchable molecular solids.
Historically, the light-induced self-organization has been addressed first in the fields of photochemical reactions of solids [1] [2] [3] and ion-irradiation-induced spinodal decomposition in metal alloys [4] . In the field of research on spin-crossover, the question of a possible phase separation during the thermal or light-induced spin transition (see ref. [5] for recent reviews on spin-crossover solids) has been asked since the earliest works, and this actually applies to all solids undergoing photo-induced phase transitions (PIPT, see ref. [6] ). The assumption of like-spin domains (LSD) in spin transition solids was first formulated on the basis of split X-rays diffraction lines of powder samples [7] . However, the few microscope images obtained so far [8, 9] , only showed smooth patterns. Despite of the lack of direct observations of LSDs [10] , specific techniques designed for the investigation of magnetic hysteresis (minor loop properties [11, 12] , Preisach formalism [13] , FORC method [14] ) were soon adapted to the thermal hysteresis of spin transitions. Also, promising theoretical work based on cooperative elastic models leading to light-induced phase separation has already started [15] . Recently, several structural investigations of the thermal and the light-induced spin transition of single crystals have shown phase separation [16] [17] [18] [19] [20] [21] [22] . They concluded that the existence of cooperative interactions is a necessary condition of phase separation, as obviously required by the first-order character of the involved transitions. However, in an irradiation experiment we recently observed [23] a continuous shift of the Laue neutron diffraction dots during the light-induced LS → HS conversion of the strongly cooperative, thermally quenched rhombohedral phase of [Fe(ptz) 6 ](BF 4 ) 2 (ptz = 1-propyltetrazole) at low temperature, that is a very well documented spin transition system [24] . We concluded that the presence of cooperative interactions was not a sufficient condition for the phase separation to occur, and pointed out that nucleation and growth of LSDs certainly require a driving force resulting from an instability created by competing dynamics, as well as an effective diffusion of the spin states. Due to the elastic nature of the interactions, the true diffusion of excited states (if any) presumably is mediated by phonons, and can, in principle, be activated by raising the temperature. An effective diffusion certainly is associated with the competing effect of the opposite switching process, and allows spatial fluctuations of the HS fraction to occur, 30007-p1 both during the transient regimes and in the macroscopic photo-stationary state. Actually, a theoretical spinodal instability [25, 26] has been predicted in the vicinity of the light-induced thermal instability leading to various light-induced hystereses (thermal = LITH [25, 27] , optical = LIOH [25] , pressure = LIPH [28] ). Indeed, some experimental features [25] in the vicinity of the light-induced instability were already attributed to phase separation.
We report here on a detailed photo-magnetic investigation of [Fe(ptz) 6 ](BF 4 ) 2 single crystals, in the vicinity of the said light-induced instability. Novel insight is provided by the analysis of relaxation curves, recorded at a given temperature in the dark as well as under continuous irradiation, and starting from different initial states. The contributions of the HS and LS domains are recognized thanks to the self-acceleration effect [29] , which modulates the rate constant of the HS → LS relaxation as a function of the HS population. A similar strategy was previously used [30] for evidencing clustering effects due to short-range interactions [30] [31] [32] .
Experiment. -A couple of thin single crystals of [Fe(ptz) 6 ](BF 4 ) 2 (d ≈ 0.1 mm) were stuck with vacuum grease in-between two rods of coated silica at the tip of the SQUID sample holder (Quantum Design MPMS5), see ref. [33] for technical details. The applied magnetic field was 0.1 T. Photo-irradiation was provided by a 100 W broad-band tungsten-halogen lamp and an interferential filter at λ = 450 ± 50 nm. The wavelength was selected so as to ensure a sufficient penetration depth leading to a quasi-homogeneous photo-excitation of the crystal, which avoids cracking. The incoming specific intensity was ≈ 7.0 mW/cm 2 . The experimental LITH loops of the crystals recorded before and after the complete set of photo-organization experiments will be shown and discussed below. Here it is sufficient to note that they were found to be almost identical, indicating that the numerous irradiation and relaxation cycles did not damage the crystals. Furthermore, microscopic observations showed a much lower density of cracks generated by the onset of internal stress than reported in ref. [9] . This is due to the quasi-homogenous character of the present photo-excitations.
For most experiments a temperature of around 53.5 K was selected because at this temperature the balance between photo-excitation and HS → LS relaxation is such that the photo-transformation proceeds very slowly (see fig. 1 ). This is a necessary condition to the buildingup of the correlations as prerequisite for the expected phase separation. The light-induced instability [25] is, in fact, responsible for the drastic change in the steady state (t → ∞) HS fraction observed in the narrow temperature range of 53-54 K.
The full HS → LS relaxation curve, that is the relaxation curve following complete photo-excitation (at 6 K) is considered here as the "reference curve" The experimental reference curve at 53.5 K is shown in fig. 2 . It starts from n HS 0.9 only, due to relaxation which occurred while warming up the sample from 6 K to 53.5 K. This experimental reference curve obeys the theoretical predictions of the dynamical mean-field (DMF) approach, that is, it displays the behaviour of a homogeneous mixture of LS and HS species with a random distribution. Then, after systematic annealings at 70 K during 15 minutes in order to regenerate the stable LS state, we submitted the crystals to a large variety of photo-thermal treatments. -procedure ii): the same as in i), followed by a long time irradiation, typically > 6 hours, at 53.5 K.
In all cases, the sample was warmed from 6 K to 53.5 K within a few minutes, in order to minimize any uncontrolled variation of the population of the metastable state. At the end of each photo-thermal treatment, we systematically recorded the relaxation curve in the dark at 53.5 K. The obtained relaxation curves are reported in fig. 2 , in which we shifted the time scales of all partial curves, so as to start from the reference curve. It is easily observed that curves i) almost exactly match the reference curve, while curves ii) systematically depart from it, with slower kinetics and complex shapes revealing a large spreading of relaxation rate constants.
It is concluded for case i), that partial 6 K irradiation yields initial states similar to those produced by the homogeneous relaxation, that is, they are characterized by a random distribution of LS and HS states. This agrees with the single-molecule process assigned to the LIESST effect [34] at low temperature and in the absence of any noticeable tunneling relaxation. For case ii), long time irradiation at 53.5 K induces self-organization under light, that is, a phase separation of the system into LSDs. Indeed, as evidenced by fig. 1 , the HS fraction for the starting values n HS = 0.4 and n HS 0.6 remain invariant during more than 5 hours irradiation, and do not join the steady states located around n HS 0.35 and n HS 0.72. That is a clear evidence a self-organization under light in the bistable area of the LITH loop. It is worth comparing the present self-organization under light, to the spontaneous formation of clusters during relaxation in the dark, due to short-range interactions [30] [31] [32] ; both require long times, necessary to build up correlations. In contrast, the self-organized states under light constitute new steady states, which deserve to be investigated using time-resolved experiments. Their spatio-temporal organization as well as the characteristic time needed to establish the correlations remain to be identified.
It is worth noting that photo-organization experiments, such as those presented here, provide the time needed for diffusion processes, by artificially slowing down the relaxation (see, for instance, ref. [35] ). A kinetic competition arises, between photo-excitation, relaxation, and diffusion, which respectively tend to randomize the system, or enhance or reduce the fluctuations in its composition.
Discussion and model. -We now comment on the non-linear character of the excitation curves, which are shown on an enlarged scale in fig. 3 . There, we distinguish two main features:
1) The kinks, shown by arrows. They reveal sharp changes in the relaxation rate, such that some domains remain reluctant to photo-excitation for a while, and suddenly undergo a rapid phototransformation. We attribute them to internal stresses generated by the light-induced volume changes in the non-homogeneous situation evidenced by the relaxation curves of fig. 2 . Indeed, the relaxation between spin states is known to be very sensitive to pressure effects [36] . When a stress is released somewhere, due to some structural reorganization, photo-transformation can occur efficiently, with a high rate typical for a low value of the HS population. The jumps reported in ref. [8] might be due to a similar release of internal stresses. The presence of sizable elastic inter-domains interactions is therefore suggested and is thought to play a crucial role when the photo-excitation is performed inside the hysteresis loop of the thermal transition [37, 38] .
2) Seemingly stochastic jumps are mainly visible on the 55 K curve of fig. 3 . These jumps are reminiscent of the Barkhausen noise [39] , that is, the noise associated with irreversible changes in the ferromagnetic domain structure.
A simple expression for the thermodynamic driving force can be derived in terms of a dynamic potential, based on the previous macroscopic approach [25, 26] . Below the thermal spin transition, the appropriate rate equation can be written
30007-p3 where n(t) is the HS fraction, I LH σ LH accounts for the light intensity, as well as for the absorption crosssection and the quantum yield, and k HL (T, n) is the relaxation rate constant of the HS → LS relaxation. In a first approach, the quantum yield is taken constant, discarding non-linearities reported in refs. [40, 41] , which seem to be enhanced at higher temperatures (≈ 70 K) and/or light intensities (≈ 300 mW/cm 2 ). The self-accelerated relaxation rate constant can be expressed as
The acceleration factor α is proportional to the interaction parameter and inverse temperature. In the thermally activated regime
where E HL is the energy barrier between the metastable HS state and the LS ground state. The values of the various parameters were determined from independent experiments: I LH σ LH = 5.5 10 −4 s −1 from the low-temperature photo-excitation curve, α = 4.7, and E HL = 663.5 K and k ∞ = 1.5 10 3 s −1 from a series of relaxation curves in the dark. It should be noted that E HL and k ∞ are effective values valid in the temperature range of 50 to 60 K.
The dynamic potential defined as a Lyapounov function according to [28] dn/dt = −dU/dn (4) and displayed in fig. 4 , is used to determine the direction and the velocity of the out-of-equilibrium evolution of the system at temperature T. The crucial feature is the spinodal interval defined by the U (n) inflection points. It forms the hatched area in fig. 5 , which describes the area in which the system is unstable with respect to n-inhomogeneities, and therefore the temperature region for which a phase separation may be expected. The same figure also shows both the experimental as well as the computed LITH loops. Figure 5 supports the conclusion that the mean-field approach is suitable for understanding the conditions for the occurrence of the phase separation. The selected temperature of 53.5 K falls exactly into the quasi-static LITH range. It is worth noting that we deal here with a situation close to the critical temperature of the LITH [26, 28] , which has been estimated to be ≈ 59 K in the present system. In other words, the energy barrier is certainly very low, as compared to the previous examples of light-instability reported for the same compound [42] , due to the higher value of the present intensity of light. Such low barrier favours phase separation.
Amazingly, the dynamic mean-field approach reproduces the experimental LITH loops very well indeed. This can be explained by the kinetic character of the thermal scanning experiment, which does not allow a sufficient time for the phase separation to occur. In contrast, during the isothermal experiments of fig. 1 , sufficient time for a quantitative onset of the photo-organization was available. The slight mismatch at low values of n HS could be due to a non-linearity of the photo-excitation rate, as reported in refs. [40, 41] .
Remarkably, the "light-induced Barkhausen-like" effect occurs far from the calculated domain of spinodal instability, and therefore cannot be explained by the same model. Alternative sources of non-linearity during the initial stages of nucleation and growth of HS domains remain to be identified. Possible candidates are: the photo-DOMINO effect [8] , lattice stress due to volume striction, bleaching and photo-thermal effects [30] , diffuse light scattering observed during the thermal spin transition as well as under irradiation 2 .
In conclusion, we presented in this work new investigations on the existence of like spin domains in the thermal range of the light-induced instabilities of [Fe(ptz) 6 ](BF 4 ) 2 single crystal. Clear evidence of self-organization under light is obtained for all the states prepared with long irradiation time under light-induced instability conditions, which are a necessary condition to build up the correlations, and to make the system self-organized. These photoorganized states have been investigated by studying their relaxation behaviour in the dark, showing a wide departure from that of the homogeneous state which follows the dynamical homogeneous mean-field theory. On the other hand, the photoexcitation at 53.5 K and even at higher temperature, revealed the existence of a "lightinduced Barkhausen-like" effect, which is probably related to lattice stress and volume striction in the solid. We consider this phenomenon under light as a confirmation of light-driven non-linear physics in the solid state, and this should be studied in its own right.
A crucial question to be addressed in the future deals with the effective diffusion of spin states. All features presented here are also expected in other switchable molecular solids, such as Prussian Blue Analogs, Valence tautomers, Jahn-Teller switches, charge-transfer salts, which are frequently reviewed (recent refs. [43] [44] [45] [46] [47] ), because of their potential applications in optical data storage. * * * 
